ABSTRACT In this paper, a single stage millimeter/submillimeter wave frequency multiplier is presented. The desired frequency multiplication performance is obtained through the nonlinear excitation of high-order harmonic components in a graphene film, when it is illuminated with a low-frequency input signal. The graphene film is integrated into a microstrip structure on a polyimide substrate, which is subsequently embedded in a micromachined waveguide block. The design has been optimized to receive an input signal in the Ka frequency band, between 26.5 and 40 GHz, and to produce an output signal in the WR-3 frequency band, between 220 and 330 GHz. A complete prototype of the frequency multiplier module, including standard waveguide flanges for its interconnection, has been manufactured and experimentally characterized. The results in terms of output power in the WR-3 frequency band, for harmonic orders between 6 and 11, as well as for input power levels between 7 and 21 dBm, are presented.
I. INTRODUCTION
In recent years, the benefits of exploiting the properties of electromagnetic radiation and its propagation characteristics in the submillimeter wave and lower THz frequency bands have been extensively described [1] , [2] . A wide variety of potential applications in fields as diverse as security, medical diagnostics or nondestructive testing, among many others, has been proposed [3] - [7] . Despite the great number of potential applications, the cost-effective signal generation at these frequency bands still represents a technological bottleneck, which strongly conditions the development of practical implementations. The most common approach to signal generation in the submillimeter wave and lower THz frequency bands is the frequency multiplication through harmonic excitation in nonlinear solid state devices, such as Schottky diodes. While relatively high efficiencies have been obtained with these topologies for low multiplications orders (i.e. 2 and 3) [8] - [11] , as summarized in Table 1, in terms The associate editor coordinating the review of this manuscript and approving it for publication was Vittorio Camarchia.
of maximum output power P o and conversion gain G c . However, these values tend to drop rapidly when increasing the multiplication order N . Therefore, diode based frequency multipliers intended to reach the submillimeter and THz band are usually implemented by interconnecting several low order multipliers and power amplifiers in cascaded multistage topologies [11] , [12] , leading to a higher cost and lower power efficiency.
As opposed to solid-state devices, graphene sheets have been theoretically predicted to generate unlimited and slowly decaying harmonic components when excited with an external electric field [13] , [14] . Moreover, due to the linear energy dispersion of its electrons and holes, graphene is intrinsically a strongly nonlinear material, capable of generating high order harmonic content from incident field levels several orders of magnitude smaller than those required in many other nonlinear materials [15] - [17] . Due to these features, graphene is an excellent alternative for high order frequency multiplication.
Implementations of frequency multipliers using novel graphene based field effect transistors have been reported in [18] - [22] . Nevertheless, these devices generally focus on the second or third multiplication order, not fully exploiting the capability of graphene to efficiently generate higher order harmonic content. On the other hand, the capability of graphene sheets, integrated in a coplanar waveguide [23] or microstrip structure, to directly generate high order harmonic components has been experimentally demonstrated in [24] - [31] , at millimeter/submillimeter wave frequencies.
In [31] , a preliminary millimeter/submillimeter wave frequency multiplier design, integrated with a horn antenna, was illustrated for the frequency conversion between the Ka band (26.5-40 GHz) and the WR-3 frequency band (220-330 GHz). A prototype was fabricated in plastic through a stereolithography process and subsequently metallized in a gold sputtering process.
In this work, the preliminary design presented in [31] has been optimized, leading to a single-stage high-order millimeter/submillimeter wave frequency multiplier, which has been manufactured as a complete module including standard input and output waveguide flanges, through a micromachining process. The design integrates a multilayer graphene film in a microstrip transmission line terminated by two backto-back microstrip to rectangular waveguide transitions. The multiplier performance has been comprehensively characterized for different harmonic orders and versus the input power level.
The paper is organized as follows. In Section II, the topology of the graphene based frequency multiplier is introduced. In Section III, the design and optimization process is described. Section IV is dedicated to the experimental characterization of the frequency conversion performance. Finally, in Section V, some conclusions are presented.
II. MULTIPLIER TOPOLOGY
The topology of the single stage high order frequency multiplier is illustrated in Fig. 1a . The circuit is composed of a waveguide block and a microstrip structure integrating a multilayer graphene film. The input signal, in the Ka frequency band, is provided through a WR-28 waveguide to microstrip transition. The output signal, in the 220-330 GHz frequency band, which is a harmonic component of the input signal generated in the graphene film, is delivered to the standard WR-3 output waveguide, through a microstrip to rectangular waveguide transition. In order to achieve a good impedance matching at the input port over the whole Ka frequency band, a path is provided for the input signal through the microstrip structure towards a second WR-28 waveguide section terminated in a waveguide matched load.
The graphene film integrated in the microstrip structure is prepared by mechanical exfoliation of Highly Oriented Pyrolytic Graphite (HOPG) [24] - [26] , [28] . Metallic contacts, as depicted in Fig. 1b , are deposited on top of the graphene film by gold sputtering, leaving a 150 µm gap uncovered. The dielectric substrate employed for the microstrip structure is 50 µm thick polyimide (Kapton) with dielectric constant ε r = 3.5 and tan δ = 0.008.
The microstrip structure includes three waveguide to microstrip transitions connected through a high impedance transmission line, enclosed in a metallic channel with rectangular cross section (Fig. 1a) . The dimensions of that cross section must be selected to suppress the propagation of waveguide modes at the operating frequency. Taking advantage of the decrease in operating frequency with regard to [28] , a channel cross section of 0.41 mm × 0.12 mm was chosen in this work, enabling the use of a 50 µm substrate for the microstrip structure, instead of the 25 µm substrate required in [28] . The complete redesign of the microstrip structure integrating the graphene film and the microstrip to waveguide transitions for this substrate thickness resulted in a significant simplification of the associated fabrication, handling and assembly processes. Moreover, the increased thickness confers improved mechanical and thermal stability to the assembled prototype.
III. DESIGN AND OPTIMIZATION OF THE FREQUENCY MULTIPLIER
The graphene based frequency multiplier has been designed and optimized using the three-dimensional electromagnetic simulator Ansoft HFSS. An optimization process based on the following two steps has been used.
A. SUBMILLIMETER WAVE BAND OPTIMIZATION
The design process is started with the optimization of the submillimeter wave section composed by the microstrip to WR-3 rectangular waveguide transition, the feeding microstrip line, and the output WR-3 rectangular waveguide (Fig. 2a) .
The shape of the microstrip structure, its position, and the dimensions of a reduced height section of the WR-3 waveguide in the proximity of the microstrip transition, are optimized to obtain maximum power transfer from the input Port 1 towards the output Port 3. The microstrip line is embedded in a metallic channel whose dimensions have been chosen to be 0.41 mm × 0.12 mm, in order to prevent the propagation of undesired waveguide modes. The width of the microstrip line is 130 µm, corresponding to a 50 characteristic impedance.
The simulated scattering parameters of the optimized transition are shown in Fig. 2b . The transmission loss between the output Port 3 and the input Port 1 is approximately 5 dB, partly due to the power transported towards Port 2 and partly due to the dielectric loss in the Kapton substrate and the ohmic losses in the microstrip structure. The reflec- tion coefficient at the input port is below −10 dB in the 220-320 GHz frequency band, assuring a good impedance matching.
B. MILLIMETER WAVE BAND OPTIMIZATION
In a second design stage, the complete frequency multiplier design is optimized in the Ka frequency band. For this purpose, the microstrip to WR-3 rectangular waveguide transition, optimized in the previous stage, is inserted and left unmodified in the complete frequency multiplier design. As presented in Fig. 3a , the topology used to analyze the frequency multiplier in the Ka band consists of two WR-28 waveguides and two microstrip segments connected to the microstrip to WR-3 waveguide transition. The complete microstrip structure, which will integrate the graphene film, is terminated with two WR-28 waveguide to microstrip transitions. Those transitions consist of a microstrip structure including stubs and several successive microstrip sections with low and high impedance. Additionally, multiple reduced and increased height sections are introduced in the WR-28 waveguides to achieve broadband performance. Due to limitations in the fabrication process, the design has been modelled with rounded corners with a minimum radius of 0.4 mm.
The simulated scattering parameters of the optimized transition are shown in Fig. 3b . Good impedance matching at the input, Port 1, with a reflection coefficient lower than −10 dB in the 28 -40 GHz frequency band was obtained. The power loss between the two WR-28 waveguide ports 1 and 2 is below 4 dB.
IV. EXPERIMENTAL CHARACTERIZATION A. PROTOTYPE IMPLEMENTATION
For the evaluation of the behavior of the graphene based frequency multiplier, a prototype of the complete design has been manufactured and experimentally characterized.
The waveguide structure, including the input WR-28 and output WR-3 waveguide sections and the channel between them, is composed of several 1 mm thick brass sheets, which were micromachined separately. Standard WR-28 (type UG-387/UM) and WR-3 (type UG-599/U) flanges were subsequently soldered to the assembled waveguide structure.
B. GRAPHENE FILM INTEGRATION
The graphene film is integrated in a gap on the microstrip segment between the WR-28 and WR-3 waveguide transitions, where a maximum tangential electric field level is observed.
A few-layer graphene film is mechanically exfoliated from a HOPG block with conductivity values, as declared by the manufacturer, of 2.1 MS/m and 500 S/m in the directions parallel and perpendicular to the layer surface, respectively. The exfoliated layer is transferred onto the polyimide substrate using a polymethylmethacrylate (PMMA) film.
The shape of the graphene film is subsequently patterned using a laser ablation process. The width of the graphene film is chosen to be the same as the width of the microstrip line inside the channel, in order to facilitate the transport of the submillimeter wave signal towards the WR-3 output port.
A 1 µm thick gold layer is sputtered on the polyimide substrate, simultaneously creating the metallic contacts to the graphene film and the microstrip structure, which is finally etched in the desired shape through a lift off process (Fig. 4a) .
The same laser ablation process employed to pattern the graphene film is used to cut out the supporting polyimide substrate. The complete microstrip structure is subsequently mounted onto the waveguide block (Fig. 4b) , using pick and place equipment. The completed frequency multiplier prototype is shown in Fig. 4c .
C. MEASUREMENT SETUP
The frequency multiplication behavior of the prototype has been characterized using the experimental setup presented in Fig. 5 . The input signal, generated by a Keysight PNA-X vector network analyzer and amplified by a 30 dB gain power amplifier, is delivered to one of the WR-28 waveguide sections of the frequency multiplier, through a Keysight R281A coaxial to waveguide adapter. A 50 load is connected to the other WR-28 waveguide port by means of a Keysight R281B coaxial to waveguide adapter. The output signal of the frequency multiplier corresponding to different harmonic components with order N , has been measured with a PNA-X vector network analyzer, together with a Virginia Diodes (VDI) frequency extender (receiver) module, operating in the 220-330 GHz frequency band. The power measurement of the receiving frequency extender module has been calibrated in two steps. First, the power delivered by a VDI transmitting frequency extender module has been measured in the 220-330 GHz band, using an Erikson PM4 calorimeter-based power meter. Then, the power delivered by the same transmitting extender module has been measured by the VDI receiving extender module. By comparing both measurements, the calibration data required for the VDI receiving frequency extender module was obtained.
The input frequency band is limited by the performance of the WR-28 waveguide to microstrip transition to the range between 28 and 40 GHz. On the other hand, the output frequency band is limited by the measurement equipment to the interval from 220 to 330 GHz. Therefore, the multiplier input and output frequency bands for different harmonic orders between 6 and 11, are summarized in Table 1 .
Using the experimental setup presented in Fig. 5 , a calibrated measurement of the output power generated in the WR-3 band will be obtained, as a function of the available power at the input port, which is calculated from the calibrated output power of the vector network analyzer and the calibrated gain of the power amplifier. The power effectively delivered to the frequency multiplier will only equal the available power when the frequency multiplier is operated within its input frequency band. Nevertheless, in the following sections, the available power thus calculated will be referred to as input power, for simplicity.
D. ODD ORDER HARMONIC COMPONENTS
The behavior of the graphene based frequency multiplier for different odd order harmonic components has been characterized by measuring the output signal in the 220-330 GHz frequency band, while varying the frequency and power of the input signal.
For each considered multiplication order, the power of the output signal has been evaluated versus the power of the input signal, which was varied from P in = 7 to 21 dBm, in 2 dB steps. The measured data obtained for odd order harmonic components is represented in Fig. 6 . The operation bands, as have been defined in Table 2 , are indicated as shaded regions in the figures. As shown in Fig. 6 , the maximum power level achieved is around −32 dBm in the case of the 7 th harmonic component, −42 dBm in the case of the 9 th harmonic component and −59 dBm in the case of the 11 th harmonic component. As can be verified, the performance for the 7 th harmonic component remains stable beyond the upper limit of the shaded area, which corresponds to input frequencies greater than 40 GHz. This behavior continues up to the cutoff frequency of the input amplifier gain characteristic, at about 45 GHz, associated with an output frequency 45 × N = 315 GHz.
The power levels generated in the millimeter/submillimeter wave frequency band have been significantly improved with regard to [31] , exhibiting a predominantly flat frequency response throughout the band corresponding to each harmonic order. The remaining small frequency fluctuations in the output power are caused by mild variations in the frequency response of the waveguide to microstrip transitions in the input and output frequency bands.
E. EVEN ORDER HARMONIC COMPONENTS
The theoretical analysis of a graphene film illuminated by an electromagnetic wave, under the particular case of normal incidence, predicts that only odd order harmonic components will be generated, due to the central symmetry of the graphene structure [15] . However, for oblique incidence or, in other words, when the incident electric field is not parallel to the graphene film, the symmetry does not preclude generation of even order components.
The 6 th , 8 th and 10 th harmonic components generated in the frequency multiplier have been evaluated. The output power, in the 220-330 GHz frequency band, has been measured while varying the power of the input signal between 7 and 21 dBm, in 2 dB steps, as shown in Fig. 7 .
The maximum power level achieved is around -66 dBm in the case of the 6 th harmonic component, −68 dBm in the case of the 8 th harmonic and −71 dBm in the case of the 10 th harmonic component. The output power generated at even order harmonic components of the input signal is significantly lower than that obtained at odd order harmonic components, in agreement with the theoretical predictions presented in [15] . Taking advantage of the special nonlinear properties of graphene, a wideband and relatively flat frequency response has been achieved, for both odd and even order harmonic components. Since the generation of harmonic components in graphene layers, as predicted in [15] , extends from microwave up to optical frequencies, the frequency multiplier topology can be easily re-optimized for its operation in lower or higher frequency bands [28] , [30] . 
F. OUTPUT POWER SATURATION
The output power is evaluated in Fig. 8 versus the input power, for different harmonic orders N , between 6 and 11. For each harmonic component, the measurement has been performed at a single output frequency, as follows: N = 6 : 225 GHz, N = 7 : 252 GHz, N = 8 : 289 GHz, N = 9 : 322 GHz, N = 10 : 318 GHz and N = 11 : 322 GHz.
For odd harmonic components, an almost linear variation of the output power with respect to the input power can be observed up to an input power of 21 dBm ( Fig. 8) . Above this level, a saturation effect of the output power can be observed. For even harmonic components, the linear increase of the output power is only observed for lower values of the input power, and the saturation effects appear for input power levels above approximately 13 dBm.
For input power levels above 21 dBm, the heat generated in the narrow sections of the structured graphene layer causes deformations in the polyimide substrate and, in turn, mechanical stress in the graphene film, leading to an unstable behavior of the output power. Increasing the input power beyond that point led to unrecoverable damage of the graphene layer.
G. COMPARISON OF FREQUENCY MULTIPLIER PERFORMANCE
The performance of the proposed frequency multiplier is compared to other graphene based implementations that have been presented in the literature in Table 3 , in terms of output frequency range, f o , harmonic order N , maximum output power P o and maximum conversion gain G c .
In [19] , [20] , and [22] , different frequency doublers have been proposed using graphene-based FET transistors for their operation in the microwave band under 8 GHz. With these designs, maximum output power values between −25 dBm and −22.5 dBm and maximum conversion gain values between −35 dB and −28 dB have been achieved.
In [24] , a frequency tripler based on a microstrip gap with a multi-layer graphene sheet is presented for operation up to 15 GHz. With this configuration, a higher maximum output power, P o = −9 dBm, and conversion gain, G c = −26 dB, were obtained.
In [23] , the frequency multiplication effect in a metallic coplanar waveguide (CPW) deposited directly on a DC biased graphene monolayer is demonstrated for harmonic orders from 2 to 7 and signal generation up to 30 GHz. With this topology, for harmonic order 2, a maximum output power of −37 dBm and conversion gain of −37 dB has been obtained at a 2 GHz output frequency. However, for order 7, those values reduce to −57 dBm and −58.4 dB, respectively, for an output frequency of 7 GHz.
For operation in the millimeter and submillimeter wave bands, graphene based frequency multipliers have been proposed using topologies similar to that presented in this work. In [27] a frequency multiplier by 7 is presented with an operation band between 230 GHz and 255 GHz. With this design, the values obtained for the output power (−50 dBm) and conversion gain (-80 dB) are considerably lower than the ones obtained at microwave frequencies. In [28] a design has been presented in the band between 330 GHz and 500 GHz, using harmonic orders from 9 to 17. The maximum output power and conversion gain achieved at 355 GHz was −36 dBm and −60 dB respectively.
In this work, with the proposed frequency multiplier, using harmonic orders between 7 and 11, the full WR-3 band has been covered. Considering the high order of the harmonics used for the frequency multiplication, a high output power and conversion gain has been obtained in a single multiplication stage. Note that in [23] , the input and output signals are applied and measured directly on-wafer, minimizing the path between the device and the measurement probes. Conversely, the results presented in this work correspond to a complete module with standard input and output waveguide flanges, leading to longer signal paths and additional power losses.
V. CONCLUSION
A graphene based millimeter/submillimeter wave frequency multiplier capable of generating signals in the 220-330 GHz frequency band has been presented. The device exploits the nonlinear electromagnetic response of graphene to generate high order harmonic components of the input signal in a single stage, reducing its size and cost. A prototype has been implemented and experimentally characterized. The variation of the output power versus the input power has been analyzed, considering different multiplication orders. It has been observed that the bandwidth of the multiplier is mainly limited by the circuitry surrounding the graphene layer, allowing future designs at high or lower frequency bands. The measured output power at odd order harmonic components was considerably higher than at even order harmonics, in accordance with previously reported theoretical analyses.
